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Figure 5. Decline in genetic diversity with increasing time since the onset of population size reduction.  Data were simulated 
under demographies with (black) and without (blue) population structure.  Average diversity statistics are shown with 95% CI 
(dashed lines).  A. Diversity measured as average θP for 20 autosomal microsatellite loci. B. Diversity measured as average π for 
haploid (mitochondrial) DNA sequence data. 
Figure 5A.
Figure 5B.
	  
	  
Quaternary Geology, Toco, Trinidad, West Indies
Introduction
 The island of Trinidad sits in the bound-
ary zone between the Caribbean and South 
American plates. According to Global Po-
sitioning System data (GPS), the Carib-
bean Plate is currently moving N86ºE ± 2º 
at ~20mm/yr to the east in relation to the 
South American plate (Figure 1) (Weber et 
al., 2001). This motion is accommodated 
along the trace of the east-to-west striking El 
Pilar fault zone in eastern Venezuela, which 
has an average right lateral slip of 1.3 m, as 
the Caribbean plate moves east in relation 
to South American plate (Baumbach et al., 
2004). In contrast to the single active El Pilar 
fault trace in Venezuela, several widely spaced, 
east-west to northeast striking strike-slip 
traces have been mapped in Trinidad (Soto 
et al. 2004; Robertson and Burke, 1989), 
but GPS data show that most transform mo-
tion is currently concentrated on the Central 
Range Fault (Weber et al. 2009). Flinch et al. 
(1999) demonstrated that the Gulf of Paria 
pull-apart basin connects the El Pilar fault 
system and the Central Range fault of Trini-
dad at a major right step-over. This pull-apart 
basin is critically related to the geomorphic 
features seen on the island of Trinidad, which 
suggests that the island is sinking to the west 
into the Gulf of Paria pull-apart basin. Weber 
(2005) explains these features in detail, and 
many are illustrated in Figure 1. The coast-
line becomes highly scalloped, drowned and 
submergent in western Trinidad along the 
northern coast, with many sunken islands 
trailing off from the Northern Range into the 
Gulf of Paria towards Venezuela. Some other 
features that illustrate westward sinking are 
subaerial coastal terraces and alluvial fan 
systems around Northern Range. The suba-
erial coastal terraces are mainly present along 
the northeastern coast, with a few outcrops 
present as far west as Blanchisseuse along the 
northern coast, but not beyond. The alluvial 
fans along the southern margin of the North-
ern Range may also reflect westward sinking 
into the pull-part basin. They change system-
atically in morphology from east to west. In 
the east they are raised and cut by streams, 
and in the west they are buried. This sinking 
probably reflects vertical tectonic motions 
acting over the duration of the pull-apart, 
approximately the past few million years 
(Weber, 2005). These features and the idea 
of long-term subsidence lead Weber (2005) 
to propose a hypothesis that we test here: 
northwestern Trinidad may be sinking into 
the pull-apart basin via a see-saw tectonic 
mechanism, causing the entire island to tip 
down to the west and up to the east. We con-
ducted a detailed investigation of the coastal 
terrace deposits along the northeastern coast. 
An understanding of the processes leading to 
the formation of coastal deposits could pro-
vide a clearer picture of tectonism affecting 
the region. Measuring vertical active tectonic 
motion directly is a challenge, but defining a 
long-term rate of uplift for the northeastern 
coastal terraces may be estimated by dating 
the terrace sediments and then comparing 
their age and elevation to a reliable global sea 
level curve (Chapelle et al. 1996). 
 Previous research on the subaerially ex-
posed coastal terraces found along the north-
eastern coast of the island was done primar-
ily by Barr (1963). Barr described the unit as 
coarse quartz sand and quartzose gravels with 
boulder beds containing rounded cobbles up 
to 15 in (38 cm) across of pure vein-quartz, 
and less commonly, quartzite. The units he 
included in his terrace deposits ranged in 
thickness from a few inches to about 20 ft 
(6 m) and lie approximately 30 to 55 ft (9 
to 17 m) above sea level. These descriptions 
compare well with what we saw in the field. 
Barr also stated that the terraces are likely the 
result of sub-Recent positive (or upward) 
movements, a claim that correlates with the 
hypothesis we tested in our study. Barr also 
tried to correlate these terraces to what he re-
ferred to as the Lower Caroni terraces, which 
lie along the southern margin of the North-
ern Range. Based on field observations (Rit-
ter and Weber, 2007), it is known that these 
range-front deposits are actually alluvial fan 
deposits. Barr also inferred a second older set 
of morphometric terraces that he claimed lie 
about 150 ft (45 m) above sea level, but he 
added that this higher terrace set is sparse 
and difficult to see because of the thick cover 
of tropical vegetation.
 Barr’s (1963) coastal terrace mapping was 
part of his more comprehensive geologic 
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map of the Toco district and was the first 
ever made. On it, the terraces are labeled 
simply as “Quaternary terraces.” This unit 
has been shown on all geologic maps of Trin-
idad/Toco made since Barr’s work, including 
the Kugler (1961) map, the Saunders (1997) 
map, and the Latinum (2002) map, which is 
the most recent geologic map created during 
a hydrogeological assessment of Trinidad by 
Earthwater Technology Trinidad and To-
bago, LLC. Though these newer maps did 
not change the location or extent of Barr’s 
mapped terrace deposits, they changed their 
name. For example, Kugler (1961) correlat-
ed the age of the terrace deposit with other 
Quaternary deposits found in the southwest-
ern corner of the island and grouped the two 
units together, calling them the Cedros For-
mation after the young sediments exposed 
on the Cedros Peninsula (Fig. 1). This is a 
bit of a stretch because the units are not ge-
netically related. More recent mapping of the 
terraces, such as that on the Latinum (2002) 
map, has simply labeled the units as Quater-
nary Deposits or Quaternary Terrace Depos-
its, which may be a more descriptive way to 
show them but is also somewhat vague.
 The Quaternary age of these terraces has 
been inferred indirectly since Barr’s (1963) 
work and is based on the sediment charac-
ter and stratigraphic relationships. These 
unconsolidated terrace deposits sit on top 
of Northern Range metamorphic bedrock, 
therefore they are the youngest unit mapped 
in this area. Determining absolute ages for 
the terrace deposits would enable us to know 
sea level when they were forming by plotting 
their age on a reliable global sea level curve 
(Chapelle et al. 1996). The greatest challenge 
in dating these deposits is that they lack fos-
sils. We overcame this limitation using Opti-
cally Stimulated Luminescence (OSL) dat-
ing. The deposits are made almost entirely of 
quartz and feldspar, and they are estimated 
to be Quaternary in age. Both characteris-
tics made this technique seem promising 
(Lian, 2007). Samples which give the most 
reliable OSL ages typically come from arid 
environments, as this technique was initially 
developed to date eolian deposits. However, 
OSL dating has been used in other climates 
as well. Choi et al. (2003a) had some success 
dating terrace deposits along the coast of Ko-
rea, but adjustments to the test-dose cut-heat 
temperature had to be made. Even after mak-
ing this adjustment, there was still one unit 
that gave a stratigraphically inconsistent age, 
but in a later publication Choi et al. (2003b) 
were able to resolve this inconsistency. This 
gave us hope that even though Trinidad’s 
tropical climate may be working against us 
by weathering the feldspar, this technique 
still had potential. 
Methods
Base Mapping Methods
Before going out in the field, we created a 
series of field base maps referenced to the 
WGS84 datum and with UTM grid lines in 
meters using ArcGIS®. We started by using 
1:10,000 detailed preliminary topographic 
maps scanned from paper copies that were 
obtained from the Trinidad and Tobago 
Lands and Surveys Division. We used the 
topographic map layer as an overlay to geo-
rectify scans of the Barr (1963) map and 
the Latinum map (2002). After visiting the 
field in May 2009, we used ArcGIS® to cre-
ate point files of the studied terrace locations. 
By overlaying these points on a digital eleva-
tion model (DEM) of the island (Latinum, 
2002), we were able to determine the height 
of the terraces we studied in meters above sea 
level. Aerial photographs (1994) of the Blan-
chisseuse region were also obtained from the 
Trinidad and Tobago Lands and Survey Di-
vision, scanned, and georeferenced.
Field Methods
From May 26th through June 9th of 2009, 
Morell and Weber used hand-held GPS units 
and preliminary topographic and geologic 
maps to examine the coastal terrace deposits 
in the Toco region. Field data were collected 
by measuring, describing, and photograph-
ing stratigraphic sections of the terrace de-
posits. Information collected at each site 
included the deposits’ thickness, sedimen-
tary structures, and sediments’ grain size, 
shape, arrangement, texture, color, etc. The 
raw field data were then used to create and 
correlate stratigraphic columns with Adobe 
Illustrator®. Carefully oriented photographs 
were also taken. In addition, hand samples 
of the terrace sediments were also collected, 
described, labeled, and recorded to be used 
for later sedimentological analyses and OSL 
dating.
Sedimentology Methods
We conducted grain size analyses on a repre-
sentative suite of samples taken from the ter-
race deposits by sieving to quantify grain size 
distributions, using the method explained 
in detail in Folk (1974).  This method in-
volved weighing the original samples and the 
samples left on each sieving screen, and then 
making tables with the weight percent from 
each sieve screen and the cumulative weight 
percent. A histogram and a cumulative per-
cent curve were then created using these 
percent values. The mode was determined 
from the histogram, and the values of φ (φ= 
-log2d, with d being the diameter of the grain 
in micrometers) were found using data from 
the cumulative weight percent curve. We 
then calculated the mean, median, standard 
deviation, skewness, and kurtosis following 
Bogg’s (2006) approach. An explanation of 
the statistical parameters used in the sedi-
mentological analyses is shown in Table 1. 
Table 1.
Terms How defined
Mean Arithmetic average
Median The midpoint of grain-
size distribution
Mode Most frequently occur-
ring particle size
Standard 
deviation
Mathematical expres-
sion of sediment 
sorting, in this case the 
amount of deviation 
from the mean sedi-
ment size
Skewness The degree of asym-
metry in the sediment 
size frequency curve or 
a relative measure of the 
most abundant particle 
size ranges in a sample 
of sediments
Kurtosis The degree of peaked-
ness of the frequency 
curve
Hand samples were also studied qualitatively 
using a binocular microscope, and the gross 
sphericity, roundness, mineralogy, and sur-
face textures were noted. 
 To quantify grain shape, a caliper was used 
to measure the dimensions of 50 random 
pebbles collected at field location T-09-38 
(see Figure 2). This location was chosen be-
cause it was easily accessible; 50 pebbles were 
chosen because this is the smallest number 
required for a sample to be considered ran-
dom. The longest, intermediate, and shortest 
dimensions of each pebble were measured, 
and these data were plotted onto a graph 
in the form given by Zingg (1935), which 
permits one to plot 3-dimensional shapes in 
2-dimensions.
X Ray Diffraction Methods
After it became obvious that there was a 
small but significant fraction of fines from 
the sieved samples, we became interested in 
finding the composition of this fine mate-
rial, which might enable us to discriminate 
the fines as primary (clastic) or secondary 
(e.g., pedogenic or diagenetic cement) mate-
rial. This composition was found by taking 
samples from sieve 325 or size 4.50φ, which 
is the smallest screen used, from each of the 
sieved samples and analyzing them using X 
Ray Diffraction. This was done at Hope Col-
lege using a Rigaku Miniflex with a copper 
(Cu Kα1; λ = 1.54059 A) source tube, that 
was run at 30 kV, at a scanning speed of 2º 
per minute, and using a range of 2θ between 
10º and 80º. The program MDI Jade 7® was 
used to search internal databases and to de-
termine the mineralogy of the sample fines. 
Jade 7® uses Bragg’s Law to determine miner-
alogy. The Bragg equation is:
θ = sin-1(λ/2 n/dhkl) 
where θ is ½ the measured angle of X-ray re-
flection, λ is the X-ray wavelength (constant 
for each given source, in our case CuK α 1), n 
is an integer(constant), and dhkl is the plane 
(e.g., Azároff, 1958).
Dating Methods
Five quartz-rich coastal terrace deposits 
(samples 07-MT-6, 07-MT-7a, 07-MT-7b, 
07-MT-8a, 07-MT-8b; Figure 2) were dated 
using Optically Stimulated Luminescence 
(OSL) at The Luminescence Dating Research 
Laboratory in the Department of Geological 
Sciences at the University of Illinois at Chi-
cago. OSL measures the last time a quartz 
grain was exposed to sunlight. When a grain 
is exposed to sunlight it becomes “bleached,” 
which means that its latent signal, or stored 
ionized energy which is gained from radia-
tion emitted from radioisotopes within the 
mineral grain, from its immediate surround-
ings, and from cosmic rays (Lian, 2007), is 
set to zero, or lost. When a grain becomes 
buried, the latent signal begins to build up 
again through its exposure to a weak flux 
of ionizing radiation provided by Thorium, 
Uranium, and Potassium-40 predominantly 
from radiometric decay of unstable isotopes 
in feldspar in the surrounding sediments. 
This energy stimulates electrons, which get 
caught in electron traps, or impurities or 
structural defects within the crystal lattice. 
The OSL age of the sample is determined 
by dividing the equivalent dose by the dose-
rate. The equivalent dose is the laboratory 
dose of nuclear radiation needed to induce 
luminescence equal to that acquired subse-
quent to the most recent bleaching event. 
The dose-rate is the rate at which the energy 
is absorbed from the flux of nuclear radiation 
(Aitkens, 1998). 
Results
Mapping Results
Figure 4a shows the locations of all the ter-
race deposits studied in the field in 2009. 
Figure 4b shows terrace elevations calculated 
from the DEM for each field location; these 
fall between 7.12 - 26.71 m above sea level. 
Notice that three of the four locations near 
Blanchisseuse (shaded in Fig. 4b) have ter-
race elevations that are almost 10 m higher 
than any of the terraces near Toco. Figure 4c 
is the graphic representation of the UTM 
easting vs. terrace elevation. The Blanchis-
seuse terraces are higher than those near 
Toco but also show a much greater elevation 
scatter.
Field Results
The majority of the terraces, both near Toco 
and in Blanchisseuse, fell near the edges of, 
or within, the Quaternary terrace units as 
mapped by Barr (1963). Nine stratigraphic 
columns, three in Blanchisseuse and six in 
Toco, were created from our field measure-
ments and organized based on their loca-
tions (Figures 5, 7). Sub-units are correlated 
based on texture, composition and thickness, 
and the correlated column sections illustrate 
how the terrace deposits change in thickness 
and composition with horizontal distance. 
In addition, figures 6 and 8 are photographs 
of one terrace deposit from each of the strati-
graphic column sets.
Sedimentology Results
Tables 2 and 3 summarize the sieving data. 
The mean and median put the gravel samples 
in the very coarse sand to granule size grains. 
Two of the samples, 05-Toco-1 and T-09-37, 
are bimodal. The sample 05-Toco-1 has two 
very coarse modes, whereas T-09-37 has one 
mode that is very coarse sand and another that 
is very fine sand. Taking the sieving values at 
face value, the samples appeared to be poorly 
sorted (Table 2). This is not characteristic of 
beach sediments. The histograms (Appen-
dix C) indicate that two of the five samples 
were strongly bimodal. We hypothesize that 
the fines in these samples could be second-
ary (e.g., cement between primary grains, 
pedogenic material transported downward 
in pore spaces between primary grains, and/
or spallations of fines from intense tropical 
physical weathering of primary grains) and 
not primary (e.g., matrix). This idea still 
needs to be tested and fleshed out. Table 3 
presents the adjusted sieving results with the 
fine tails revised (also see XRD Results). This 
improves the sample sorting and brings them 
more in line with what is expected for typical 
beach sediments. Samples should be epoxied, 
dyed, and studied in thin-section to test and 
better flesh out this approach.   
 The Zingg diagram made from the cali-
per calculations illustrates that 52% of the 
pebbles are prolate, 20% are bladed, 4% are 
oblate, and 24% are equant. The samples 
also seem to cluster to the right side of the 
diagram, illustrating that they are not flat, 
which is a characteristic that we saw in the 
field and is typical of the modern beaches in 
the area.
XRD Results
The XRD results made it clear that the fines 
in all five samples studied are made primar-
ily of quartz. These graphs show the XRD 
curves for two samples with overlays of the 
quartz curve.
OSL Dating Results
Of the five samples sent in to be dated, only 
three had calculable ages, 07-MT-6, 07-MT-
8, and 07-MT-7. These ages were found 
to be 40,090±3000, 74,020±5650, and 
137,500±10,880 years respectively. Ages for 
the other two samples were considered incal-
culable because the equivalent dose was too 
low. When the equivalent dose approaches 
zero, it makes the age impossible to define. 
This also occurs when the equivalent dose ap-
proaches the top of the dose response curve, 
which is exponential in nature. The wide 
range in the ages obtained could be present 
because of the tropical weathering that the 
sediments have experienced. The age differ-
ence is caused primarily by the variation in 
the dose rate. The dose rate that created the 
oldest age is unusually low and was caused by 
an extremely low level of Potassium in the 
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map of the Toco district and was the first 
ever made. On it, the terraces are labeled 
simply as “Quaternary terraces.” This unit 
has been shown on all geologic maps of Trin-
idad/Toco made since Barr’s work, including 
the Kugler (1961) map, the Saunders (1997) 
map, and the Latinum (2002) map, which is 
the most recent geologic map created during 
a hydrogeological assessment of Trinidad by 
Earthwater Technology Trinidad and To-
bago, LLC. Though these newer maps did 
not change the location or extent of Barr’s 
mapped terrace deposits, they changed their 
name. For example, Kugler (1961) correlat-
ed the age of the terrace deposit with other 
Quaternary deposits found in the southwest-
ern corner of the island and grouped the two 
units together, calling them the Cedros For-
mation after the young sediments exposed 
on the Cedros Peninsula (Fig. 1). This is a 
bit of a stretch because the units are not ge-
netically related. More recent mapping of the 
terraces, such as that on the Latinum (2002) 
map, has simply labeled the units as Quater-
nary Deposits or Quaternary Terrace Depos-
its, which may be a more descriptive way to 
show them but is also somewhat vague.
 The Quaternary age of these terraces has 
been inferred indirectly since Barr’s (1963) 
work and is based on the sediment charac-
ter and stratigraphic relationships. These 
unconsolidated terrace deposits sit on top 
of Northern Range metamorphic bedrock, 
therefore they are the youngest unit mapped 
in this area. Determining absolute ages for 
the terrace deposits would enable us to know 
sea level when they were forming by plotting 
their age on a reliable global sea level curve 
(Chapelle et al. 1996). The greatest challenge 
in dating these deposits is that they lack fos-
sils. We overcame this limitation using Opti-
cally Stimulated Luminescence (OSL) dat-
ing. The deposits are made almost entirely of 
quartz and feldspar, and they are estimated 
to be Quaternary in age. Both characteris-
tics made this technique seem promising 
(Lian, 2007). Samples which give the most 
reliable OSL ages typically come from arid 
environments, as this technique was initially 
developed to date eolian deposits. However, 
OSL dating has been used in other climates 
as well. Choi et al. (2003a) had some success 
dating terrace deposits along the coast of Ko-
rea, but adjustments to the test-dose cut-heat 
temperature had to be made. Even after mak-
ing this adjustment, there was still one unit 
that gave a stratigraphically inconsistent age, 
but in a later publication Choi et al. (2003b) 
were able to resolve this inconsistency. This 
gave us hope that even though Trinidad’s 
tropical climate may be working against us 
by weathering the feldspar, this technique 
still had potential. 
Methods
Base Mapping Methods
Before going out in the field, we created a 
series of field base maps referenced to the 
WGS84 datum and with UTM grid lines in 
meters using ArcGIS®. We started by using 
1:10,000 detailed preliminary topographic 
maps scanned from paper copies that were 
obtained from the Trinidad and Tobago 
Lands and Surveys Division. We used the 
topographic map layer as an overlay to geo-
rectify scans of the Barr (1963) map and 
the Latinum map (2002). After visiting the 
field in May 2009, we used ArcGIS® to cre-
ate point files of the studied terrace locations. 
By overlaying these points on a digital eleva-
tion model (DEM) of the island (Latinum, 
2002), we were able to determine the height 
of the terraces we studied in meters above sea 
level. Aerial photographs (1994) of the Blan-
chisseuse region were also obtained from the 
Trinidad and Tobago Lands and Survey Di-
vision, scanned, and georeferenced.
Field Methods
From May 26th through June 9th of 2009, 
Morell and Weber used hand-held GPS units 
and preliminary topographic and geologic 
maps to examine the coastal terrace deposits 
in the Toco region. Field data were collected 
by measuring, describing, and photograph-
ing stratigraphic sections of the terrace de-
posits. Information collected at each site 
included the deposits’ thickness, sedimen-
tary structures, and sediments’ grain size, 
shape, arrangement, texture, color, etc. The 
raw field data were then used to create and 
correlate stratigraphic columns with Adobe 
Illustrator®. Carefully oriented photographs 
were also taken. In addition, hand samples 
of the terrace sediments were also collected, 
described, labeled, and recorded to be used 
for later sedimentological analyses and OSL 
dating.
Sedimentology Methods
We conducted grain size analyses on a repre-
sentative suite of samples taken from the ter-
race deposits by sieving to quantify grain size 
distributions, using the method explained 
in detail in Folk (1974).  This method in-
volved weighing the original samples and the 
samples left on each sieving screen, and then 
making tables with the weight percent from 
each sieve screen and the cumulative weight 
percent. A histogram and a cumulative per-
cent curve were then created using these 
percent values. The mode was determined 
from the histogram, and the values of φ (φ= 
-log2d, with d being the diameter of the grain 
in micrometers) were found using data from 
the cumulative weight percent curve. We 
then calculated the mean, median, standard 
deviation, skewness, and kurtosis following 
Bogg’s (2006) approach. An explanation of 
the statistical parameters used in the sedi-
mentological analyses is shown in Table 1. 
Table 1.
Terms How defined
Mean Arithmetic average
Median The midpoint of grain-
size distribution
Mode Most frequently occur-
ring particle size
Standard 
deviation
Mathematical expres-
sion of sediment 
sorting, in this case the 
amount of deviation 
from the mean sedi-
ment size
Skewness The degree of asym-
metry in the sediment 
size frequency curve or 
a relative measure of the 
most abundant particle 
size ranges in a sample 
of sediments
Kurtosis The degree of peaked-
ness of the frequency 
curve
Hand samples were also studied qualitatively 
using a binocular microscope, and the gross 
sphericity, roundness, mineralogy, and sur-
face textures were noted. 
 To quantify grain shape, a caliper was used 
to measure the dimensions of 50 random 
pebbles collected at field location T-09-38 
(see Figure 2). This location was chosen be-
cause it was easily accessible; 50 pebbles were 
chosen because this is the smallest number 
required for a sample to be considered ran-
dom. The longest, intermediate, and shortest 
dimensions of each pebble were measured, 
and these data were plotted onto a graph 
in the form given by Zingg (1935), which 
permits one to plot 3-dimensional shapes in 
2-dimensions.
X Ray Diffraction Methods
After it became obvious that there was a 
small but significant fraction of fines from 
the sieved samples, we became interested in 
finding the composition of this fine mate-
rial, which might enable us to discriminate 
the fines as primary (clastic) or secondary 
(e.g., pedogenic or diagenetic cement) mate-
rial. This composition was found by taking 
samples from sieve 325 or size 4.50φ, which 
is the smallest screen used, from each of the 
sieved samples and analyzing them using X 
Ray Diffraction. This was done at Hope Col-
lege using a Rigaku Miniflex with a copper 
(Cu Kα1; λ = 1.54059 A) source tube, that 
was run at 30 kV, at a scanning speed of 2º 
per minute, and using a range of 2θ between 
10º and 80º. The program MDI Jade 7® was 
used to search internal databases and to de-
termine the mineralogy of the sample fines. 
Jade 7® uses Bragg’s Law to determine miner-
alogy. The Bragg equation is:
θ = sin-1(λ/2 n/dhkl) 
where θ is ½ the measured angle of X-ray re-
flection, λ is the X-ray wavelength (constant 
for each given source, in our case CuK α 1), n 
is an integer(constant), and dhkl is the plane 
(e.g., Azároff, 1958).
Dating Methods
Five quartz-rich coastal terrace deposits 
(samples 07-MT-6, 07-MT-7a, 07-MT-7b, 
07-MT-8a, 07-MT-8b; Figure 2) were dated 
using Optically Stimulated Luminescence 
(OSL) at The Luminescence Dating Research 
Laboratory in the Department of Geological 
Sciences at the University of Illinois at Chi-
cago. OSL measures the last time a quartz 
grain was exposed to sunlight. When a grain 
is exposed to sunlight it becomes “bleached,” 
which means that its latent signal, or stored 
ionized energy which is gained from radia-
tion emitted from radioisotopes within the 
mineral grain, from its immediate surround-
ings, and from cosmic rays (Lian, 2007), is 
set to zero, or lost. When a grain becomes 
buried, the latent signal begins to build up 
again through its exposure to a weak flux 
of ionizing radiation provided by Thorium, 
Uranium, and Potassium-40 predominantly 
from radiometric decay of unstable isotopes 
in feldspar in the surrounding sediments. 
This energy stimulates electrons, which get 
caught in electron traps, or impurities or 
structural defects within the crystal lattice. 
The OSL age of the sample is determined 
by dividing the equivalent dose by the dose-
rate. The equivalent dose is the laboratory 
dose of nuclear radiation needed to induce 
luminescence equal to that acquired subse-
quent to the most recent bleaching event. 
The dose-rate is the rate at which the energy 
is absorbed from the flux of nuclear radiation 
(Aitkens, 1998). 
Results
Mapping Results
Figure 4a shows the locations of all the ter-
race deposits studied in the field in 2009. 
Figure 4b shows terrace elevations calculated 
from the DEM for each field location; these 
fall between 7.12 - 26.71 m above sea level. 
Notice that three of the four locations near 
Blanchisseuse (shaded in Fig. 4b) have ter-
race elevations that are almost 10 m higher 
than any of the terraces near Toco. Figure 4c 
is the graphic representation of the UTM 
easting vs. terrace elevation. The Blanchis-
seuse terraces are higher than those near 
Toco but also show a much greater elevation 
scatter.
Field Results
The majority of the terraces, both near Toco 
and in Blanchisseuse, fell near the edges of, 
or within, the Quaternary terrace units as 
mapped by Barr (1963). Nine stratigraphic 
columns, three in Blanchisseuse and six in 
Toco, were created from our field measure-
ments and organized based on their loca-
tions (Figures 5, 7). Sub-units are correlated 
based on texture, composition and thickness, 
and the correlated column sections illustrate 
how the terrace deposits change in thickness 
and composition with horizontal distance. 
In addition, figures 6 and 8 are photographs 
of one terrace deposit from each of the strati-
graphic column sets.
Sedimentology Results
Tables 2 and 3 summarize the sieving data. 
The mean and median put the gravel samples 
in the very coarse sand to granule size grains. 
Two of the samples, 05-Toco-1 and T-09-37, 
are bimodal. The sample 05-Toco-1 has two 
very coarse modes, whereas T-09-37 has one 
mode that is very coarse sand and another that 
is very fine sand. Taking the sieving values at 
face value, the samples appeared to be poorly 
sorted (Table 2). This is not characteristic of 
beach sediments. The histograms (Appen-
dix C) indicate that two of the five samples 
were strongly bimodal. We hypothesize that 
the fines in these samples could be second-
ary (e.g., cement between primary grains, 
pedogenic material transported downward 
in pore spaces between primary grains, and/
or spallations of fines from intense tropical 
physical weathering of primary grains) and 
not primary (e.g., matrix). This idea still 
needs to be tested and fleshed out. Table 3 
presents the adjusted sieving results with the 
fine tails revised (also see XRD Results). This 
improves the sample sorting and brings them 
more in line with what is expected for typical 
beach sediments. Samples should be epoxied, 
dyed, and studied in thin-section to test and 
better flesh out this approach.   
 The Zingg diagram made from the cali-
per calculations illustrates that 52% of the 
pebbles are prolate, 20% are bladed, 4% are 
oblate, and 24% are equant. The samples 
also seem to cluster to the right side of the 
diagram, illustrating that they are not flat, 
which is a characteristic that we saw in the 
field and is typical of the modern beaches in 
the area.
XRD Results
The XRD results made it clear that the fines 
in all five samples studied are made primar-
ily of quartz. These graphs show the XRD 
curves for two samples with overlays of the 
quartz curve.
OSL Dating Results
Of the five samples sent in to be dated, only 
three had calculable ages, 07-MT-6, 07-MT-
8, and 07-MT-7. These ages were found 
to be 40,090±3000, 74,020±5650, and 
137,500±10,880 years respectively. Ages for 
the other two samples were considered incal-
culable because the equivalent dose was too 
low. When the equivalent dose approaches 
zero, it makes the age impossible to define. 
This also occurs when the equivalent dose ap-
proaches the top of the dose response curve, 
which is exponential in nature. The wide 
range in the ages obtained could be present 
because of the tropical weathering that the 
sediments have experienced. The age differ-
ence is caused primarily by the variation in 
the dose rate. The dose rate that created the 
oldest age is unusually low and was caused by 
an extremely low level of Potassium in the 
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sample. Weathering or leaching of feldspar 
from the unit most likely caused this low 
level of Potassium. This was the main com-
positional difference in the 40,000 year old 
sample and the 137,000 year old sample, and 
it is also the reason that we consider the old-
est age to be the least reliable/representative.
Discussion
  We began our study testing the hypoth-
esis put forth by Weber (2005), which states 
that the terraces in eastern Trinidad may 
have been tectonically lifted out of the sea as 
the western side of the island sunk into the 
Bay of Paria pull-apart. A second hypothesis, 
which was also developed as we began gath-
ering data in the field, stated that the Toco 
terraces have remained horizontally constant 
in relation to changing sea level and that we 
do not see them in the western part of the 
island because they have sunk into the Gulf 
of Paria. Comparing our field maps to Barr’s 
map (Figure 2), we believe that the distri-
bution of these terraces have been reliably 
mapped. Our XRD analyses show that the 
fine material in the samples is quartz. The 
texture of the hand samples leads us to call 
the fines a quartz silt. This silt could have 
filled in around the larger quartz sand and 
gravel grains through the extensive weather-
ing, which could have broken down the larg-
er grains and transported the tiny fragments 
away from their parent grains. This observed 
textural relationship could thus be inter-
preted as the weathering of a gravelly beach 
sediment. Weathering has also probably in-
fluenced the OSL age data we obtained. The 
OSL ages have such a large spread because of 
the lack of feldspar in some of the samples; 
the feldspar has most likely been removed by 
weathering processes. The oldest OSL age is 
considered unreliable because it is greatly ex-
aggerated by the lack of Potassium. Neither 
of the two remaining ages fall near the last 
global sea level high stand cut, ~120 ka, so 
sea level was probably never high enough to 
form these terraces at the elevations where 
we currently find them. So, provisionally, 
we accept the see-saw hypothesis as reason-
able. The terraces at Blanchisseuse pose an 
interesting challenge for future work. They 
are clearly at higher elevations than the Toco 
terraces. Are they older? Are they the same 
age (if so, they would falsify the see-saw hy-
pothesis)? It is clear that we need more reli-
able ages for both the Toco terraces as well 
as the Blanchisseuse terraces to answer the 
questions that remain.
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Figure 1. The Caribbean plate moves approximately east at ~20 mm/yr in relation to the 
South American plate. Trinidad’s geology reflects this by islands and gravels that are sinking 
into the active Gulf of Paria pull-apart basin to the west and unsunken and exposed gravels 
and terraces to the east. We studied terrace exposures near the village of Toco in the north-
east corner of the island and near the village of Blanchisseuse along the north coast.
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Figure 2. Quaternary terrace deposits near Toco taken from Barr (1963) and field 
locations studied here shown (dots). These are typically quartz-rich, sand-gravel, and 
flat-lying deposits that sit unconformably on metamorphic bedrock.
 
Figure 3. Aerial photographs (1994) from the Blanchisseuse region, georeferenced using 
ArcGIS©, showing terraces studied here (white dots). These coastal terraces appear to 
be narrower and approximately 10 m higher than those near Toco. Arima-Blanchisseuse 
road and the village of Blanchisseuse labeled for geographic reference.
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Figure 4 (a) DEM with all (Toco and Blanchisseuse) field locations shown (dots), 
(b) table with terrace elevations taken from DEM, and (c) a graph of terrace eleva-
tions in meters above sea level plotted against their UTM easting. (Zone 20 ,WGS 
84) The shaded boxes in Figure 4b are the field locations near Blanchisseuse.
 
Figure 5. Quaternary coastal terrace stratigraphic sections measured near Toco. Horizontal scale based 
on UTM Northing component (WGS 84) of measured section locations. Each column is subdivided 
into units that are described in detail in Appendix A. Three main units (cover, coastal terrace sediments, 
and metamorphic bedrock) are shown here. Thicknesses in cm in or on sides of stratigraphic sections 
represent sub-unit thicknesses.
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Figure 6. Quaternary coastal terrace at location 09-T-36 (facing northwest). See Figure 8 for location and see 
Appendix A for additional details and detailed unit (A, B, C) descriptions.
 
Figure 7. Quaternary coastal terrace stratigraphic sections measured near Blanchisseuse. 
Horizontal scale based on UTM Easting component (WGS 84) of measured section loca-
tions. Each column is subdivided into units that are described in detail in Appendix A. Three 
main units (cover, coastal terrace sediments, and metamorphic bedrock) are shown here.
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Figure 8. Quaternary coastal terrace at location 09-T-52 (pictures both facing northwest). (a) 
Terrace in outcrop view and (b) close-up of unit B to show grain size and texture. See Figure 8 
for location and see Appendix A for additional details and detailed unit (A, B) descriptions. 
 
Table 2.
Raw Sieve Data
Sample Mean Median Mode Standard 
deviation
Skewness Kurtosis
T-09-37 0.23φ
v. coarse sand
-0.45φ
v. coarse sand
-0.75- -0.50φ
v. coarse sand
4.00-4.25φ
v. fine sand
1.82φ
v. well sorted
0.53
Strongly finely 
skewed
1.29
T-09-34-7 -0.29 φ
v. coarse sand
-0.26 φ
granule
-2.00- -1.75 φ
pebble
1.28 φ
poorly sorted
0.16
finely skewed
0.93
T-09-52 -0.84 φ
granule
-1.20 φ
granule
-1.25--1.00 φ
granule
1.02 φ
poorly sorted
0.71
strongly finely 
skewed
1.00
05-Toco-1 -0.61φ
v. coarse sand
-0.90 φ
granule
0.25-0.50 φ
coarse sand
-1.75- -1.50φ
granule
1.14 φ
poorly sorted
1.05
strongly finely 
skewed
1.05
T-09-34-1 2.18 φ
medium sand
2.60 φ
fine sand
2.75-3.00 φ
fine sand
1.83 φ 0.39 1.57
Table 3
Adjusted Sieve Data
Sample Mean Median Mode Standard 
deviation
Skewness Kurtosis
T-09-37 -0.80 φ
v. coarse sand
-0.77 φ
v. coarse 
sand
-0.75- -0.50 φ
v. coarse sand
0.65 φ
v. well sorted
0.08
Near symmetrical
0.99
T-09-34-7 -1.15 φ
granule
-1.21 φ
granule
-2.00- -1.75 φ
pebble
0.48 φ
v. well sorted
0.05
Near symmetrical
0.07
T-09-52 -1.56 φ
granule
-1.57 φ
granule
-1.25--1.00 φ
granule
0.23 φ
well sorted
-0.01
Near Symmetrical
1.00
05-Toco-1 -0.69 φ
v. coarse sand
-0.59 φ
v. coarse 
sand
-1.75- -1.50 φ
granule
0.84 φ
v. well sorted
-0.14
coarse skewed
0.57
T-09-34-1 2.18 φ
medium sand
2.60 φ
fine sand
2.75-3.00 φ
fine sand
1.83 φ 0.39 1.57
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Figure 8. Quaternary coastal terrace at location 09-T-52 (pictures both facing northwest). (a) 
Terrace in outcrop view and (b) close-up of unit B to show grain size and texture. See Figure 8 
for location and see Appendix A for additional details and detailed unit (A, B) descriptions. 
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Figure 10. Zingg diagram illustrating quantitative data analysis which classifies particle shape with ref-
erence to triaxial ellipsoids. DL, DI, and DS represent the longest axis, intermediate axis, and shortest 
axis measured of the sample respectively. The horizontal axis of the graph illustrates the ratio DS/DI, 
and the vertical axis illustrates the ratio DI/DL. See Appendix B for the list of each DS, DI, and DL.
	  
	  
Figure 11. X-ray diffraction (XRD) graphs created by the Rigaku Miniflex with the horizon-
tal axis displaying degrees within the range of 2θ between 10º and 80º and the vertical axis 
displaying the intensity in CPS. The graphs were overlaid with the standard graph of quartz, 
which was found to match all of the samples. (a) Sample collected at location 09-T-52 near 
Blanchisseuse and (b) sample collected at location 09-T-37 near Toco.
a)
b)
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Figure 12. (a) Chart illustrating the change in global sea level from 140 ka to 
present, with the horizontal line at 0 representing modern sea level. Arrows show 
our dated samples’ ages. The oldest sample has been thrown away because its age 
is too exaggerated (Sea level curve modified from Chappell et al. 1996). (b) Data 
table of all relevant information related to the dating process.
Appendix A
Descriptions of units in Figures 5,6,7, and 8
T-09-7 (07-MT-7) – (A) 40 cm of med-fine sand limonite- and hematite-stained, (B) 20 cm of material similar to unit above, but more limo-
nite, sample 07-MT-7 taken here, (C) 35 cm of quartz granules to sand-sized sandy gravel, weathered, buff colored, (D) 35 cm of mottled, 
chocolate brown/limonite yellow, brown appears to be clay-rich unit, (E) 30 cm of weathered sand and gravel = A soil horizon, (F) 30 cm of 
organic rich, weathered sand and gravel = A soil horizon
T-09-34 (07-MT-5) – (A) 20 cm of fine-sand, medium yellowish-brown, limonite-stained and cemented, sample T-09-34-1 taken here, (B) 
15 cm of gravel, metamorphic rock fragments and vein quartz ~13 cm or less in diameter, subrounded, hint of imbrication, short dimension of 
pebbles sub-perpendicular to contact, (C) 10 cm of mostly subrounded vein quartz and most grains touching each other with sand matrix (sand 
is fine to very fine and orange), ~1cm diameter, the top contact is gradational, (D) 10 cm of gravel, mostly metamorphic Northern Range rock 
fragments ~5 cm or less in diameter, pebbles roughly equidimensional, top contact sharp, grains touching each other but have a sand matrix, 
(E) 12 cm of gravel less than 1 cm in diameter and sand mixture, gravels mostly rounded vein quartz, orange, top contact sharp, (F) 4 cm of 
gravel, Northern Range metamorphic rock fragments and vein quartz pebbles ~5 cm or less in diameter, hint of imbrication within axes of 
rock fragments sub-perpendicular to bedding, (G) 13 cm of coarse-sand and ~2 mm or less in diameter gravel mix, orange, sample T-09-34-7 
taken here, (H) 13 cm of blocky metamorphic rock fragments and subrounded vein quartz, to 3-4 mm vein quartz gravels and coarse-sand mix, 
fines upward from 3-4 cm diameter pebbles at base stained orange, (I) 20 cm of coarse-sand, highly weathered and limonite stained, gradational 
contact on top, ( J) 80 cm of poorly sorted coarse-sand, 2-3 mm gravel made of vein quartz and occasional rounded vein quartz pebbles ~5 cm or 
smaller, (K) 25 cm is organic rich modern soil, A soil horizon, roots
T-09-35 – (A) 40 cm of covered material probably sand underneath soil, (B) 80 cm of medium grained sand, weathered orange with goethite 
and limonite bands, (C) 60 cm of coarse to very coarse sand, subangular, gray, weathered orange, (D) 70 cm of light gray, rooted and weathered 
material, (E) 30 cm of possible well covered A soil horizon
T-09-36 – (A) metamorphic bedrock, (B) 60 cm of very coarse to coarse sand with fine sand matrix, sample 09-T-36 taken here, (C) 60 cm 
covered with vegetation
T-09-38 – (A) metamorphic bedrock, (B) 25 cm of coarse sand with few granules, layered, highly weathered, limonite stained and cemented, 
(C) 35 cm of subrounded vein quartz and Northern Range metamorphic pebbles in grain-to-grain contact, moderately sorted, grains greater 
than 5 cm in diameter
T-09-41 – (A) weathered bedrock, (B) 220 cm of coarse sand with a few millimeter sized granules in grain-to-grain contact cemented, sample 
T-09-41 taken here
T-09-50 – (A) 25 cm of colluvium and poorly sorted vein quartz and clasts up to 16 cm, (B) 100 cm of very fine sand, (C) 50 cm of cover
T-09-51 – (A) 10 cm of sand, sample T-09-51-1 taken here, (B) 20 cm of gravel with rounded clasts, (C) 200 cm of covered, highly weathered 
material, (D) 50 cm are covered and grassy
T-09-52 – (A) 50 cm of metamorphic bedrock, (B) 140 cm of rounded very fine gravel, ~.5 cm in diameter
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T-09-41 taken here
T-09-50 – (A) 25 cm of colluvium and poorly sorted vein quartz and clasts up to 16 cm, (B) 100 cm of very fine sand, (C) 50 cm of cover
T-09-51 – (A) 10 cm of sand, sample T-09-51-1 taken here, (B) 20 cm of gravel with rounded clasts, (C) 200 cm of covered, highly weathered 
material, (D) 50 cm are covered and grassy
T-09-52 – (A) 50 cm of metamorphic bedrock, (B) 140 cm of rounded very fine gravel, ~.5 cm in diameter
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Appendix B
Lengths of the long, intermediate, and short dimensions of the 50 pebbles used to create the Zingg diagram in Figure 10.
Pebble #  DL  DI  DS
1  0.732  0.516  0.424
2  0.85  0.702  0.404
3  0.856  0.764  0.654
4  0.874  0.694  0.52
5  0.914  0.608  0.416
6  1.024  0.878  0.678
7  1.112  0.706  0.442
8  1.128  0.856  0.71
9  1.132  0.738  0.262
10  1.158  0.918  0.604
11  1.182  1.014  0.648
12  1.184  0.84  0.634
13  1.188  1  0.654
14  1.194  0.924  0.688
15  1.198  0.824  0.61
16  1.262  1.118  0.752
17  1.268  0.856  0.584
18  1.32  1.096  1.002
19  1.364  0.832  0.51
20  1.448  1.07  0.69
21  1.502  1.074  0.874
22  1.522  1.29  0.398
23  1.598  0.818  0.508
24  1.654  1.034  0.572
25  1.658  0.952  0.7
26  1.706  1.206  0.53
27  1.758  1.36  0.452
28  1.804  1.55  0.6
29  1.814  1.5  1.19
30  1.858  0.854  0.54
31  1.864  1.288  0.8
32  1.89  1.644  1.002
33  1.912  1.5  0.772
34  1.974  1.42  0.69
35  2.002  1.118  0.632
36  2.074  1.252  0.922
37  2.118  1.988  1.018
38  2.288  1.466  0.786
39  2.456  1.664  0.964
40  2.5  1.7  1.178
41  2.524  2.204  1.402
42  2.774  1.896  1.572
43  2.826  2.224  1.138
44  2.826  2.624  1.4
45  3.078  2.184  0.79
46  3.358  2.364  1.138
47  3.744  2.824  1.1
48  4.218  3.39  1.086
49  4.52  2.72  1.692
50  4.726  3.268  1.996
Appendix C
Histograms for each of the samples sieved.
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